INTRODUCTION
Coal bed methane (CBM) is a "clean" fossil fuel that is currently eliciting worldwide attention (Luo et al., 2011; Duan et al., 2012) . Depending on its genetic mechanism, CBM can occur as a biogenic or thermogenic gas (Rightmire, 1984) or as a mixture of both (Ayers, 2002; Hakan, 2007; Kruger et al., 2008; Moore, 2012) . Since the first discovery of secondary biogenic CBM in the San Juan basin in 1994 (Scott et al., 1994) , mixed secondary biogenic and thermogenic CBM has been reported in many basins globally (Strapoc et al., 2011) , including the San Juan and Powder River basins in the United States (Ayers, 2002) , the Upper Silesian and Lublin basins in Poland (Kotarba, 2001) , the Zonguldak basin in Turkey (Hakan, 2007) , and the Huainan basin in China (Tao et al., 2007) .
Several methods or geochemical indices have been suggested for the quantitative identification of CBM source, including the following: δ 13 C 1 versus R o (Stahl and Carey, 1975; Dai et al., 1985; Qin et al., 1998) 
whether it is of secondary biogenic, thermogenic, or mixed origin). To achieve this, hydrous thermal simulation experiments were conducted in an autoclave (closed system) using woody peat samples. The samples were heated to reach the low and middle coalification stages (R o < 2.0%) and the pyrolysis gas produced was collected. The gas components, yields, and carbon and hydrogen isotopic compositions were also analyzed. Quantitative relationships were also established between the carbon and hydrogen isotopic compositions of the thermogenic gas and the maturation of the peat (representing the original matter of coal). Subsequently, we were able to construct gas source identification and maturity model based on the relationships between δ 13 C CO2 and δD CH4 and investigate the possible application of these relationships in the identification of the relative content of thermogenic CBM.
METHODS

Samples
Peat, the precursor of coal, contains abundant information that may be lost in later geological processes. Peat and coal with different maturities have been analyzed in thermal simulation experiments (Rollins et al., 1991; Behar et al., 1995; Duan et al., 2005; Yao et al., 2006) , and peat, brown coal, and subbituminous coal are known to follow similar thermal evolution pathways. However, the gaseous products of peat exhibit higher relative CO 2 content and the carbon isotopic compositions of methane generated from peat are lighter than those for other coal ranks. These results suggest that peat contains more primitive coal-forming components than those for other coal ranks. Thus, using peat as the coal-forming material in thermal simulation experiments can simulate the entire process of hydrocarbon generation during coalification (Duan et al., 2011) .
Samples of dark brown woody swamp peat were collected from Yuchi County, Shangzhi City, and Heilongjiang Province in northeast China in May 2012 at depths of 0.2-0.4 m. The collected samples exhibit organic carbon and sulfur contents of approximately 31.25% and 0.13%, respectively. The organic matter of the peat belongs to type III, and the R o value of the sample is 0.16%.
Experimental techniques
Peat samples were dried for 15 h at a constant temperature of 80°C and ground manually after cooling. Approximately 420 g of woody peat was divided into six samples, and each sample was placed into a stainless steel reactor. 15 ml of distilled water was added into each reactor to simulate the conversion process of soluble organic matter to gaseous hydrocarbons. The reactors containing the initial samples were vacuumed by flushing with nitrogen three times to remove the air before closing. Then, the reactors were placed into a temperaturecontrolled muffle furnace for the simulation test. The samples were heated to pyrolysis temperatures of 150, 250, 300, 350, 375 , and 400°C at 1°C/min; temperatures were maintained at a stable level for 24 h after reaching the desired temperatures. The deviation in temperature was within 2°C. During the experimental process, pyrolysis gas, condensate oil, and solid residues were collected for further laboratory analysis.
The hydrocarbon thermal simulation experiment was completed in an autoclave (i.e., closed) pyrolysis system developed by Wuxi Institute of Petroleum Geology, Sinopec Petroleum Exploration and Development Research Institute. The gas contents and carbon and hydrogen isotopic compositions of the pyrolyzed gas were identified by gas chromatography (Varian CP-3800) and thermal conversion-isotope ratio mass spectrometry (Delta plus XL and Delta V). The standard values used to determine the carbon and hydrogen isotopic gas compositions were -45.0‰ and -218‰, which are represented in the δ-notation as the V-PDB and V-SMOW standards, respectively. The analytic precisions of the carbon and hydrogen isotopic compositions were estimated to be ±0.3‰ and ±3‰, respectively. The R o value of the residual solids after pyrolysis was measured using a microscope photometer (TIDAS MSP 200), with a standard deviation of less than 0.04%.
RESULTS AND DISCUSSION
Composition of pyrolysis gas generated from the samples
The experimental data indicate that methane is the main pyrolysis product of the hydrocarbon gas, followed by C 2 to C 5 . Carbon dioxide (CO 2 ) is the main component of the non-hydrocarbon gas, with traces of hydrogen, nitrogen, and carbon monoxide (CO) ( Table 1) .
The relationship between the compositions and experimental temperatures ( Fig. 1) suggests that the relative percentage contents of CH 4 , C 2 H 6 , C 3 H 8 , and H 2 continue to increase with increasing experimental temperature. Here, their values reached a maximum at 400°C and exhibited a continuously increasing trend. Moreover, the relative percentage content of CO 2 decreased throughout the experiment, whereas N 2 and CO contents increased slightly.
Yield of pyrolysis gas and its evolution process
Pyrolysis gas contains hydrocarbon and nonhydrocarbon gases generated from woody peat. During heating in the present study, the gas yield of pyrolysis gas exhibited peaks at 71.77 ml/g and 143.01 ml/g organic matter at 250 and 400°C (Fig. 2) .
The gas yield of hydrocarbon gas increased with increasing experimental temperature, although no results were obtained above a maximum temperature of 400°C (Fig. 2) . During the pyrolysis process, the gas yields of CH 4 and C 2 -C 5 began to increase considerably at 300°C and reached 40.89 ml/g and 20.35 ml/g of organic matter, respectively, at 400°C. This suggests that CH 4 is generated primarily above 300°C; conversely, the majority of the C 2 -C 5 was generated slightly later than methane. This delay may be due to the breakdown of shorter aliphatic hydrocarbon groups into methyl; methane would have formed first during hydrogenation, and C 2 -C 5 would have formed later owing to the cracking of long-chain aliphatic hydrocarbons during pyrolysis.
Non-hydrocarbon gases include carbon dioxide, hydrogen, nitrogen, and carbon monoxide. The gas yield of non-hydrocarbon gas exhibited two peaks, with 71.17 ml/ g and 101.31 ml/g organic matter at 250 and 375°C, respectively. The yield of carbon dioxide (an important nonhydrocarbon gas) exhibited the same trend as that of nonhydrocarbon gas, reaching two yield peaks of 69.72 ml/g and 95.57 ml/g organic matter at 250 and 375°C, respectively (Fig. 2) . The gas yield of hydrogen increased to 5.06 ml/g organic matter at 400°C, whereas nitrogen yield exhibited little change. Carbon dioxide is a product of the removal of oxygen functional groups, such as carboxyl and carbonyl, from the source rock (peat) that produces organic matter, whereas hydrogen is a product of the dehydrogenation of hydrogenated aromatic structures, the cyclization of aliphatic hydrocarbons, and the aromatization of naphthene.
Relationship between carbon and hydrogen isotopic composition of pyrolysis gas and R o
The relationship between the carbon and hydrogen isotopes of pyrolysis gas generated from woody peat ver- sus R o may be influenced by the associated isotope fractionation mechanism (Dai and Qi, 1989; Duan et al., 2011 Duan et al., , 2012 . The concentration of hydrocarbon gas (C 1 -C 3 ) generated from the samples heated at 150, 250, and 375°C was lower than the detection limit; therefore, their carbon isotopic compositions could not be measured by mass spectrometry. Accordingly, we introduced data from previous studies to obtain a quantitative relationship between the carbon isotopic composition and the maturity of hydrocarbon gas generated in the low coalification stage. The data presented in Table 2 and Figs. 3 and 4 demonstrate that the carbon isotopic compositions of methane, ethane, and propane changed from heavy to light and subsequently reverted to heavy with increasing R o ; conversely, the hydrogen isotopic composition of methane and the carbon isotopic composition of carbon dioxide became heavier gradually.
The relationship between the carbon isotopic compositions of methane generated from heated woody peat samples and R o is illustrated in Fig. 3(a) , which illustrates that δ 13 C 1 values first decreased and then increased with increasing R o . The relationship between δ 13 C 1 and R o can be described as follows:
The relationships between the carbon isotopic compositions of pyrolysis ethane and propane and R o are illustrated in Figs. 3(b) and (c), respectively. These compositions and the evolution of pyrolysis ethane and propane are similar to those for methane, and a very close correlation exists between the carbon isotopic compositions and R o values. The relationships between δ 13 C 2 and δ 13 C 3 and R o can be described as follows: The above discussions demonstrate that the carbon isotopic compositions of methane, ethane, propane, and carbon dioxide and the hydrogen isotopic composition of methane are correlated significantly with R o .
The carbon isotopic compositions of methane, ethane, and propane changed from heavy to light and then from light to heavy with increasing R o , as shown in Figs. 3(a) , (b), and (c). This phenomenon may have occurred owing (at least in part) to the chemical bond ( 12 C-12 C) rich in light carbon isotopes were involved in the earlier stages of thermal evolution (i.e., in methanogenesis), whereas the heavier isotopes were involves in later stages of the reaction.
Based on the δD CH4 -R o and δ 13 C CO2 -R o relationships, both of which exhibit strong correlations (Figs. 3(d) and 4), a diagram was established for the identification of gas source and the classification of maturity (Fig. 5) . Under ideal conditions, the results of laboratory testing of δD CH4 and δ 13 C CO2 data plot on the thick line in the diagram and the range of R o values indicates that the gas sample is entirely thermogenic in origin.
As shown in Fig. 5 , the hydrogen isotopic composition of methane and the carbon isotopic composition of carbon dioxide became increasingly heavier with increasing R o , likely because methane and carbon dioxide are formed primarily by the combination of methyl and hydrogen atoms and the shedding of the carboxyl group during kerogen pyrolysis. Fracturing the functional group containing heavy isotopes requires higher energy. There-fore, during the pyrolysis of kerogen, the carbon and hydrogen isotopic composition of methyl and the carbon isotopic composition of carboxyl groups became gradually heavier with increases in the degree of thermal evolution. As a result, the hydrogen isotopic composition of methane and carbon isotopic composition of carbon dioxide became increasingly heavier with increasing R o .
The linear correlation between δ 13 C CO2 and δD CH4 is obvious (Fig. 5 ) and can be expressed by the following equation:
Based on this equation and the δ 13 C CO2 -δD CH4 plot (Fig. 5) , the value of δ 13 C CO2 or δD CH4 of the thermogenic CBM can be obtained easily; the maturity of the organic matter can also be identified.
CBM can migrate and is expelled from coal during its thermal maturation, resulting in the isotopic fractionation of CBM. The carbon isotopic composition of CBM is characterized by vertical zoning and becomes heavier with depth (Teichmuller et al., 1968) , resulting from 12 CH 4 prioritizing desorption and expulsion. Previous studies have suggested that this vertical zoning phenomenon will weaken or even disappear with increasing coal rank and burial depth (Qin et al., 2000) . However, no studies to date have investigated the impact of hydrocarbon expulsion and migration during the thermal maturation of coal on the carbon isotopic composition of CBM. Thus, this effect is omitted in the present study.
Application
A case study was conducted in the Luling CBM field, Wang et al. (2005) and Tang et al. (2010) , respectively; the data represented by rhombs were measured in the present study.) genic CBM globally and found the majority to be around -70‰. Therefore, -70.0‰ can be assumed to represent the δ 13 C 1 end member for secondary biogenic CBM. Similarly, a range from -32.9‰ to -30.2‰ can be assumed to represent the thermogenic end member and a value of -50.6‰ can be assumed to represent CBM from mixed sources. Based on the binary mixed mode of biogenic and thermogenic methane, the estimated proportion of thermogenic methane in the Luling CBM field ranges from 48.79% to 52.35%, whereas that of secondary biogenic methane ranges from 47.65% to 51.21%.
The generation process of CBM in the Luling CBM field is illustrated in Fig. 6 . The Carboniferous to early Triassic strata in the field were deposited continuously, with the lower Permian coal beds reaching burial depths of more than 3000 m by 135.0 Ma. The coal beds evolved to form long-flame coal via deep burial metamorphism. Coal organic matter began to generate thermogenic CBM, which was sorbed at the inner surfaces of coal pores and fractures. During the late Yanshanian orogeny (i.e., from the early Cretaceous to the Paleocene; 135.0-65.5 Ma), the coal beds were uplifted to a burial depth of less than 1000 m and faults and fractures were formed owing to tectonic movement. Meteoric water containing microbes may have entered the coal beds along fault zones. Subsequently, the crust began to subside again slowly from 23.5 Ma and the coal beds were later covered by Neogene and Quaternary sediments. Therefore, in the study region, an environment favorable for the generation and preservation of secondary biogenic CBM existed from 23.5 Ma to the present, and the coal beds are currently buried at a depth greater than 1000 m.
CONCLUSIONS
Several conclusions may be drawn based on the results presented here. methods adopted were similar to those used for pyrolysis gas. The results indicate that the content of methane ranges from 99.75% to 99.91%, the carbon isotopic composition of methane ranges from -50.7‰ to -50.5‰ (with an average of -50.6‰), and the hydrogen isotopic composition of methane ranges from -226‰ to -225‰.
Based on the δ 13 C 1 -R o , δD CH4 -R o , and δ 13 C CO2 -δD CH4 relationships (see Subsection "Relationship between carbon and hydrogen isotopic composition of pyrolysis gas and R o ", Figs. 3(a), 3(d), and 5), the carbon isotopic composition of thermogenic CBM can be calculated as -32.9‰ to -30.2‰. Similarly, the hydrogen isotopic composition is -318‰ to -308‰, and the carbon isotopic composition of the carbon dioxide is -23.3‰ to -23.0‰.
The comparison between the tested and calculated data illustrates that the δ 13 C 1 value of CBM in the Luling CBM field is much lighter than that of ideal thermogenic CBM. Moreover, the obtained δ 13 C 1 value (-50.6‰) does not correspond to the maturity of coal (with minimum R o value of 0.71%), suggesting that the CBM of the Luling CBM field originated from mixed sources. The CBM sample also exhibited obvious characteristics of dry gas (C 1 / C 2 +C 3 was typically greater than 1000 (Bernard et al., 1976) ), providing further evidence that the CBM in the Luling CBM field is a result of the mixing of thermogenic and secondary biogenic CBM. The δ 13 C 1 values of biogenic CBM typically range from -90‰ to -55‰ (Rice, 1993) . In fact, Tao et al. (2007) statistically investigated 576 δ 13 C 1 values of bio-Methane is the main pyrolysis product of hydrocarbon gas generated from woody peat, followed by C 2 to C 5 . Carbon dioxide is the main component of nonhydrocarbon gas, with minor hydrogen, nitrogen, and carbon monoxide. The gas yield of methane increased considerably with increasing experimental temperature, reaching 40.89 ml/g organic matter at 400°C. Meanwhile, the production of carbon dioxide reached two peaks at 250 and 375°C, which yielded 69.72 and 95.57 ml/g organic matter, respectively.
The relationships between the isotopic composition of pyrolysis gas and the experimental temperature were also investigated. The carbon isotopic compositions of methane, ethane, and propane became first light and then heavy with increasing R o . Furthermore, the hydrogen isotopic composition of the generated methane and the carbon isotopic composition of the generated carbon dioxide became heavy gradually. The δ 13 C 1 -R o , δ 13 C 2 -R o , δ 13 C 3 -R o , δ 13 C CO2 -R o , and δD CH4 -R o relationships were also studied, and a model for the identification of δ 13 C CO2 versus δD CH4 values was built based on these relationships. This model can quantitatively identify the maturity and gas source of thermogenic CBM.
These relationships and the identification model were applied in a case study of CBM in the Luling CBM field of Huaibei, Anhui Province, China. The results showed that the contents of thermogenic and secondary biogenic CBM in the area are 48.79-52.35% and 47.65-51.21%, respectively. Therefore, the CMB in the Luling CBM field likely resulted from mixing of early thermogenic CBM (generated by deep burial metamorphism around 135.0 Ma) and secondary biogenic CBM (generated by allochthonous microbial methanogenesis after the coal beds were uplifted to burial depths of less than 1000 m), which was produced from 23.5 Ma to the present.
